Background: Although adjustable gastric banding is increasingly proposed for massively obese patients, little is known about the modifications of resting metabolic rate and substrate oxidation or about metabolic determinants of weight loss following this type of bariatric surgery. Objectives: To evaluate the relationships between excess weight loss, resting metabolic rate (RMR) and substrate oxidation, and to identify metabolic predictive factors of weight loss after adjustable gastric banding. Subjects: Seventy-three obese nondiabetic women aged 39.1710.4 years (18.4-64.8). Design: Resting metabolic rate and substrate oxidation (indirect calorimetry), body composition (bio-impedance), lipid profile and insulin sensitivity indexes were assessed before and after (13.376.0 months, range 6.0-31.1) adjustable gastric banding. Patients were classified according to postsurgery time: group A (6-12 months, n ¼ 39); group B (12-18 months, n ¼ 21); group C (418 months, n ¼ 13). Metabolic parameters associated with the percentage of excess weight lost (EWL) 1 year after surgery were analyzed in univariate and multivariate regressions. Results: Mean weight loss was 26.2711.4 kg. Mean fat mass loss was 17.378.1 kg. All biological parameters associated with excess weight improved after surgery. Excess weight lost at 1 year was 45.9717.1% in group A, 47.4717.1% in group B and 51.4718.5% in group C (P ¼ NS). Resting metabolic rate/fat-free mass (FFM) slightly decreased (28.973.26 vs 30.372.8, Po0.00001) and RMR/body weight slightly increased (18.572.8 vs 17.371.9, Po0.00001) after surgery. Respiratory quotient (0.8170.06 vs 0.8270.05) and FFM-adjusted lipid oxidation (1.1070.41 vs 1.0570.33 mg/min/kg FFM) were not significantly modified after surgery. In multiple linear regression analysis, difference in RMR/body weight, difference in energy sparing, baseline BMI and postsurgery time, were significantly and independently correlated with EWL (total R 2 ¼ 72.5%). Conclusions: Adjustable gastric banding promotes gradual but sustained weight loss and is associated with long-term conservation of lipid oxidation and energy expenditure. The individual variability in energy sparing mechanisms predicts weight loss during the first year after surgery.
Introduction
As a result of the current failure of conventional medical treatment to obtain a sustained reduction of excess body weight and its related morbidity, bariatric surgery is increasingly proposed for massively obese patients. Main positive outcomes of this approach are that weight loss is larger and lasts longer than that obtained with restrictive diet and lifestyle modifications alone. [1] [2] [3] However, a wide individual variability has been reported in the results of bariatric surgery. 4 Although poor compliance to recommended diet and alterations in eating behavior may limit the effectiveness of restrictive surgical procedures, energy sparing mechanisms may also be involved in patients' resistance to the weight loss process.
Energy sparing mechanisms including a decreased resting metabolic rate (RMR) have been described in obese individuals submitted to low-energy intake. 5, 6 This was also described in women who have undergone gastric bypass. In a series of 20 obese women, a negative deviation of actual from predicted RMR related to a lower lipid oxidation has been associated with a lower amount of weight loss during the 12 months following gastric bypass. 7 A reduction of RMR/fat-free mass (FFM) ratio and of lipid oxidation was demonstrated in 10 postobese subjects who had undergone bilio-pancreatic bypass, and these adaptations might have contributed to the weight stabilization after surgery. 8 However, because bilio-pancreatic bypass modifies nutrient absorption, and more specifically lipid absorption, these data cannot be extrapolated to purely restrictive surgery such as vertical banded gastroplasty or adjustable gastric banding. After vertical banded gastroplasty, van Gemert et al. 9 described a reduction in sleeping metabolic rate persistently larger than that expected based on the reduction of FFM, which might reflect a compensatory process opposing weight loss in these patients. Carbohydrate (CHO) oxidation decreased in parallel with reduced CHO intake, while fat oxidation increased. These authors suggested that the decrease in CHO intake resulted in lower insulin levels, which in turn increased lipolysis and decreased CHO and protein oxidation. Adjustable gastric banding is characterized by a variable inflation of the gastric band modulating food restriction according to effectiveness (weight loss) and tolerance (vomiting) of the process. These adjustments may modify the metabolic adaptations to weight loss, which in turn can influence the success of the surgery. As far as we know, no study has identified metabolic predictors of weight loss after gastric banding. 10 In the only study addressing the changes in energy expenditure of obese patients before and after adjustable gastric banding, the decrease in RMR observed after weight loss was not higher than that expected according to FFM loss and visceral fat loss. 11 These data, although limited to this single study, suggest that energy sparing process might be less marked after adjustable gastric banding than with other bariatric surgical techniques. The present study was undertaken to evaluate the relationships between excess weight loss and both energy expenditure and pattern of substrate oxidation during the dynamic phase of weight decrease after adjustable gastric banding, and to assess whether metabolic factors could predict the success of surgery.
Subjects and methods
Our study was carried out on 73 obese nondiabetic women (fasting glycemia o7 mmol/l without any antidiabetic medication), aged 39.1710.4 years (18.4-64.8) ). Multifrequency bio-impedance analysis was performed to estimate FFM and percent fat mass (Body Impedance Analyzer 101/S RJL system). Blood was drawn to measure fasting blood glucose, plasma insulin, total and HDL cholesterol, triglycerides. Patients were then administered a 75 g oral glucose load. Blood glucose and plasma insulin were measured at 15, 30, 60, 90 and 120 min following glucose intake.
All patients had an adjustable gastric band placed laparoscopically and underwent monthly visits until gastric band was correctly adjusted according to weight loss, vomiting and radiographic examinations. Weight was recorded 12-month after surgery for calculation of excess body weight lost at 1 year. A complete follow-up evaluation including metabolic and biologic measurements took place 13.376.0 months after surgery (6.0-31.1) while the patients were still losing weight. All evaluations were part of the routine patients' treatment.
Calculated indexes were:
Homeostasis Model Assessment (HOMA): (fasting insulin (mU ml
À1
) Â fasting glucose (mmoles/l À1 ))/22.5.
14 Quantitative insulin sensitivity check index: 1/(log(fasting insulin) þ log (fasting glucose)). 
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For quantitative variables, the difference between postoperative evaluation and baseline values was calculated. A descriptive analysis was made according to the duration between surgery and follow-up visit: 6-12 months (group A, 39 patients), 12-18 months (group B, 21 patients), and 418 months (group C, 13 patients).
To determine the relative importance of variables associated with the success of surgery, we looked for correlations between percentage of excess weight lost (EWL) 1 year after surgery, baseline parameters (with the hypothesis that metabolic state at baseline may influence weight loss) and differences between postoperative and baseline values (with the hypothesis that variations in the metabolic state may be correlated with the magnitude of weight loss).
Statistical analysis was performed using SAS software version 8.02 (SAS Institute, Cary, NC, USA). Descriptive statistics were made using means and s.d. for quantitative variables. Values are presented as means7s.d. Comparisons were performed after logarithmic transformation of nonparametric variables. Comparisons of means were performed using Student's t-test for paired series and Wilcoxon test when appropriate. Correlations between continuous variables were performed using Spearman correlation coefficient. Results were considered significant when P was o0.05. A multiple linear regression was performed using a stepwise selection, after logarithmic transformation of nonparametric variables. As a result of colinearity among explicative variables, a principal component analysis was used to reduce the number of variables entered in the model. Postsurgery time was used as a continuous covariable in the multivariate analysis. The significance level for entry and significance level for staying in the model were set at 0.10.
Results
Anthropometric and metabolic data before gastric banding and at follow-up are described in Table 1 . Mean weight loss (7s.d.) was 26.2 kg (711.4), and all patients were still loosing weight at the time of the study. Mean fat mass loss was 17.3 kg (78.1), and loss of fat mass represented 66.0% of total weight loss. As shown in Table 1 , biological parameters associated with excess weight were improved.
When patients were analyzed according to postsurgery time, weight loss appeared larger among those in whom the postoperative period was longer (respective total weight loss 21.8, 29.0 and 35.0 kg). At 1 year after surgery, EWL was not signicantly different between subgroups (group A: 45.9717.1%; group B: 47.4717.1%; group C: 51.4718.5%; P ¼ NS).
At baseline, measured RMR was higher than predicted RMR both in the entire sample (839971147 vs 75297695 kJ day
À1
) and in the subgroups. After surgery, measured RMR was similar to predicted values when postsurgery time is above 12 months (Figure 1a, b) . There is a wide range of distribution for energy sparing, which was negative at baseline (mean7s.d., À9.677.9%; range À32 to þ 4.8%) and increased but remained negative at follow-up (mean7s.d., À2.779.6, range À24.8 to þ 20.4%) (Figure 1c) .
A slight decrease in RMR/FFM was observed in the entire sample and in groups A and C and an increase in RMR/body weight was observed in all groups (Figure 2 ). Nonprotein respiratory quotient (RQ) was unchanged after surgery both in the entire sample (0.8170.06 vs 0.8270.05) and in the subgroups (Figure 2 ).
When adjusted for FFM, lipid oxidation was not significantly modified, whatever the time duration since surgery. CHO oxidation decreased slightly in group A only, reaching borderline significance (P ¼ 0.06). Of note, protein oxidation decreased significantly after surgery, whether the delay after surgery was short, intermediate or long (Table 2) .
Excess weight lost ranged from 11.0 to 90.9%, (mean 47.3%). Univariate correlations between patients' metabolic characteristics (baseline values and differences between baseline and follow-up values) and EWL are presented in Table 3 . The following variables were entered in a multiple linear regression: delay after surgery, baseline BMI, baseline FFM, baseline protein oxidation, baseline fasting insulinemia, difference in % fat mass, difference in energy sparing, difference in RMR/body weight, difference in protein oxidation, difference in fat oxidation. Other variables significantly correlated with EWL were not entered in the multivariate analysis because of colinearity. In this multiple linear regression, variables significantly and independently correlated with EWL were: difference in RMR/body weight (R 2 ¼ 33.5%, Po0.0001), difference in energy sparing 
Discussion
In accordance with previously reported data, our results show that bariatric surgery by adjustable gastric banding in severely obese women results in significant weight loss, sustained over more than 18 months. 1, 3, 4, 16, 17 Around two thirds of body weight loss is attributable to fat mass loss, and the significant reduction of waist circumference is an indirect indicator of visceral fat loss. This explains the improvement of morbidity indices related to body weight excess and metabolic syndrome: systolic and diastolic blood pressure, blood glucose after oral glucose load, triglycerides, HDL cholesterol and fasting plasma insulin concentrations. The specific interest of our study is that it provides data concerning resting energy expenditure and fuel metabolism from the largest series ever reported of patients investigated before and after bariatric surgery by adjustable gastric banding. Our results point out that the excess body weight Energy metabolism after adjustable gastric banding F Galtier et al lost 1 year after surgery is strongly correlated with evolution of energy sparing and body weight-adjusted RMR. Metabolic adaptations to weight loss have already been described after bariatric surgery. Bobbioni-Harsch et al. 7 described a correlation between weight loss and both energy intake and energy economy after Roux-en-Y bypass. Busetto et al. 11 reported a reduction in RMR related to FFM loss and to visceral fat loss after adjustable gastric banding. Here, we report that adjustable gastric banding is associated with maintained lipid oxidation, decreased protein oxidation, decreased FFM-adjusted RMR, increased RMR upon total body weight ratio and increased energy sparing. The fact that our series comprised only women may partly account for the decrease in FFM-adjusted RMR and the conservation of RMR/ body weight. A gender difference in weight-loss related-RMR modifications was demonstrated in a series of 16 men and 24 women, in whom changes in energy metabolism after weight loss (mean 10.7 kg in men and 7.9 kg in women) were correlated with changes in FFM in men, and with changes in fat mass in women. 18 FFM-adjusted lipid oxidation and respiratory quotient appear to be maintained over time in our series. A decline in lipid oxidation has been associated with a trend to regain weight in postobese individuals. 5, [19] [20] [21] Thus it can be hypothesized that the sustained weight loss observed in our patients is explained by the maintainance of lipid oxidation. However, lipid oxidation was not independently correlated with EWL in the multivariate analysis. Lipid oxidation possibly influences EWL through its impact on energy sparing, as previously demonstrated after gastric bypass. 7 The only significant modification of FFM-adjusted substrate oxidation we observe is a decrease in FFM-adjusted protein oxidation. This has already been described after vertical banded gastroplasty 9 and Roux-en-Y bypass. 7 Such a decline can be considered as a compensatory regulation protecting body protein compartment when protein intake decreases.
22,23
Total body weight adjusted-RMR increases by a mean of 6.9% after gastric banding in our series, and this increase is observed whatever the elapsed time since surgery. However, the concomitant increase in the percentage of FFM results in a moderate but significant 4.6% decrease in FFM-adjusted RMR. The magnitude of this decrease is lower than that observed after vertical-banded gastroplasty 9 and bilio-pancreatic bypass, 8 showing a mean lower energy sparing.
Compared with other surgical techniques, gastric banding allows a progressive decrease of energy intake adjusted to each patient. As a consequence, the rate of weight loss is usually slower than that obtained after vertical gastroplasty 24 or bypass. 17 Thus, the triggering of compensatory mechanisms opposing weight loss by energy sparing might be blunted.
Identifying factors predicting individual responses would help to define the optimal patient for adjustable gastric banding placement. As already shown, 10, 25, 26 baseline BMI is independently negatively associated with EWL. But to date, all authors have failed to identify baseline metabolic factors associated with the success of bariatric surgery. For example, no independent association between initial RMR and the amount of weight loss could be demonstrated 1 year after vertical gastroplasty. 27 Similarly, for Das et al., 26 weight loss Energy metabolism after adjustable gastric banding F Galtier et al after gastric bypass was predicted by baseline fat mass and BMI but not by baseline energy expenditure variable. In agreement with these data, baseline metabolic parameters did not predict the success of surgery in our sample. Thus, we hypothesized that the evolution of energy metabolism after surgery might prove a better predictor than baseline metabolic state, as was shown after Roux-en-Y bypass. 7 Accordingly, postoperative difference in RMR/body weight and in energy sparing were the two most important indexes correlated with EWL after 1 year in our series. Taken together, these two variables explain 53.5% of the variance of EWL. Thus maintaining an optimal level of RMR and decreasing energy sparing mechanisms in the postoperative period is critical in the success of adjustable gastric banding. The precise changes in diet and physical activity were not recorded in our patients. Changes in diet and physical activity both affect RMR, and thus impact weight loss through differences in RMR/body weight and energy sparing. Therefore, advising patients to engage in regular moderateintensity physical activity should prove a costless strategy improving the benefits of adjustable gastric banding. The fact that EWL is correlated with difference in RMR/ body weight rather than with difference in RMR/FFM is intriguing. However, although FFM is usually considered to be the main determinant of RMR, absolute fat mass and percent fat mass are also related to energy expenditure. 28 In massively obese subjects in particular, visceral fat has been correlated with RMR independently from FFM. 11 In 35 obese patients enrolled in a weight loss program in whom no decline in FFM-adjusted RMR was described, the difference in fat mass significantly contributed to the prediction of the difference in RMR. 29 Recently, Giusti et al. 30 found that the major determinants of weight loss after gastric banding were initial body weight and the abdominal distribution of fat mass. Consistently, our population was characterized by very high values of waist circumference indicating high visceral fat. Adjusting RMR with body weight and not with FFM takes into account the ability of fat mass to contribute to metabolic adaptations. Our model R 2 of 72% leaves 28% of the variance of EWL unexplained by the variables we studied. Measurements were not performed during the same phase of the menstrual cycle and different hormonal status may exist within our sample. Therefore, we cannot rule out that other factors would have reached the significance level in a more homogenous sample, or that other patients' characteristics, such as hormonal status, could help in predicting the success of adjustable gastric banding. From our results, it appears that gastric banding is associated with specific metabolic characteristics when compared with other techniques of bariatric surgery. The possibility of a personalized and adjustable restriction of food intakes likely contributes to long-term lipid oxidation and conservation of energy expenditure that promote gradual but sustained weight loss. The individual response in losing weight during the first year after surgery correlates with the difference of energy expenditure per kg body weight. Maintaining RMR in the postoperative period can, therefore, be of importance in the success of adjustable gastric banding. Our data reinforce the importance of the medical care provided to patients after surgery is performed.
